ABSTRACT: Alternative approaches to inactivate bacteria through physical damage provide an important solution to problems associated with colonization of material surfaces by antibiotic-resistant bacteria. Here, we present the utilization of carbon nanotubes functionalized with near-infrared (NIR)-absorbing fluorophores as effective photothermal agents that can kill bacteria through laser-activated heat generation. The array of 3,3′-diethylthiatricarbocyanine (DTTC) fluorophores self-assembled on the surface of multiwalled carbon nanotubes (MWNTs) acted as a light-harvesting antenna that increased the NIR light absorption and heat generation capacity of the MWNTs. The MWNT/DTTC nanohybrids generated elevated temperatures reaching 92°C upon 15 min NIR laser irradiation, resulting in a 77% killing efficiency on Pseudomonas aeruginosa cells in dispersion. When the MWNT/DTTC nanohybrids were embedded into a waterborne polyurethane matrix, the resulting surface coatings presented temperatures reaching 120°C in only 2 min of laser irradiation, where multiple laser irradiation cycles did not affect the generated temperature elevations. MWNT/DTTC−polyurethane nanocomposite coatings were also demonstrated to kill all P. aeruginosa cells attached to the surface, indicating their strong potential as light-activated antimicrobial and antibiofilm coatings.
■ INTRODUCTION
The contamination of materials and surfaces with pathogenic bacteria and biofilms constitutes an important challenge in various settings ranging from hospital environments to food processing facilities and necessitates an interdisciplinary research approach for creating solutions. The traditional approach of treating bacteria with biochemical tools such as antibiotics is not a viable option anymore as more bacterial strains have gained resistance to antibiotics. 1, 2 New approaches are needed that focus on the physical destruction of bacteria as alternatives to destruction of bacteria through biochemical pathways.
Photothermal therapy with the aid of functional nanomaterials that absorb light and release it in the form of heat through nonradiative relaxation provides a promising and effective alternative approach to kill bacteria. Light-induced heat generation around photothermal nanomaterials physically destroys bacteria through hyperthermia effects. Inorganic nanoparticles exhibiting localized surface plasmon resonance, such as various gold nanostructures, demonstrate strong photothermal properties and are widely utilized for killing bacteria. 3−7 Similarly, some near-infrared (NIR) absorbing polymers and polyelectrolytes were also demonstrated as efficient photothermal agents. 8−11 Another group of nanoparticles exhibiting photothermal properties due to their NIR light absorption capacities are carbon-based nanoparticles such as carbon nanotubes 12−15 and graphene. 16−22 The inherent binding affinity of carbon nanotubes for bacteria 12 and their lower costs render them advantageous over gold nanoparticles as photothermal agents for killing bacteria. However, carbon nanotubes present significantly lower NIR light absorption capacity than gold nanostructures, 23 which make them inferior in terms of the NIR light-induced heat that they can generate. Thus, enhancing the NIR light absorption capacity of carbon nanotubes can result in new photothermal agents with higher NIR light absorption capacity and local heat generation, which can kill bacteria more effectively upon spontaneous interaction.
In this work, we focused on enhancing the NIR light absorption capacity of carbon nanotubes with fluorophores to obtain photothermal agents that generate heat and result in high temperature elevations while acting effectively against bacteria. How fluorophores interact with carbon nanotubes was attractive to researchers in various different aspects. Fluorophores were demonstrated to be useful as carbon nanotube dispersing agents, 24 electron donor−acceptor systems, 25−27 quenchers in carbon nanotube-based fluorescent sensors, 28, 29 or fluorescent labels for the visualization of carbon nanotubes. 30−32 Fluorophores can interact with the sp 2 hybridized electronic system of carbon nanotubes through noncovalent interactions, such as π−π stacking or van der Waals or hydrophobic interactions, resulting in fluorophore/ carbon nanotube hybrid structures with different functionalities that are easily tunable. Here, we report the decoration of multiwalled carbon nanotubes (MWNTs) with fluorophores to enhance their NIR light absorption capacity and photothermal effect, where fluorophores act as an antenna to increase the amount of light absorbed and the heat generated as a result of the photothermal conversion. The light-harvesting effect originating from fluorophores allows NIR irradiation-induced temperature elevations and bacteria killing rates that could not be reached by the irradiation of MWNTs only. 
■ RESULTS AND DISCUSSION
For the enhancement of their light absorption capacity in the NIR region, MWNTs were decorated with the NIR-absorbing carbocyanine dye, 3,3′-diethylthiatricarbocyanine (DTTC). As a symmetrical carbocyanine dye, exhibiting strong NIR light absorbing capacity and high resonance Raman cross section, 35 DTTC has been widely utilized as a fluorescent label in biomedical imaging 36−38 and Raman label for surfaceenhanced Raman spectroscopy. 39 On the basis of our previous studies that have demonstrated strong noncovalent interactions between UV−vis light absorbing carbocyanine dyes and MWNTs, 32 we hypothesized that DTTC molecules, as NIR-absorbing carbocyanine dyes, will also strongly bind MWNTs. Here, DTTC molecules were utilized to build lightharvesting arrays on the surface of MWNTs to increase the amount of NIR light absorbed and converted to heat by MWNT/DTTC hybrids. MWNTs were dispersed in an aqueous solution of DTTC through ultrasonication followed by ultracentrifugation and filtration to remove aggregated forms of MWNTs that were not dispersed and unbound dye molecules ( Figure 1a) . Images of resulting MWNT/DTTC hybrids are demonstrated in Figure 1b . Although MWNTs alone were not dispersed in water under the same conditions, they were finely dispersed in an aqueous solution of DTTC molecules as can be seen by the darker color of the resulting stable mixtures. DTTC-assisted dispersion of MWNTs was visualized with scanning electron microscopy (SEM) ( Figure  1c ). MWNTs were individually dispersed presenting outer diameters in the range of 15−50 nm, larger than the diameters in the range of 13−18 nm, before functionalization with DTTC. DTTC molecules acted as strong dispersing agents that debundled the MWNTs, potentially because of strong noncovalent interactions, such as π−π stacking and van der Waals interactions, resulting in MWNTs decorated with dye molecules.
The MWNT/DTTC hybrids were demonstrated to be thermally stable up to approximately 65°C by an isochronal temperature assay ( Figure S1 ). Above this temperature, noncovalent bonds between MWNTs and DTTC molecules begin to break, resulting in aggregation of MWNTs. At 4°C, the MWNT/DTTC hybrids remained stable for at least 4 months with less than 10% dissociation.
Noncovalent binding interactions between MWNTs and DTTC molecules were characterized by the absorption spectroscopy. The normalized absorption spectrum of free DTTC molecules in aqueous solution was compared to the normalized absorption spectrum of MWNT/DTTC hybrids to comment on possible binding interactions (Figure 2a ). The absorption spectrum of MWNT/DTTC hybrids demonstrated a bathochromic shift of 50 nm relative to free DTTC molecules, indicating a significant change in the electronic environment, which confirms noncovalent binding of DTTC molecules onto MWNTs. Previous studies on aggregates of dyes suggest that a bathochromic shift usually indicates a Jaggregate, where dye molecules form an edge-to-edge array on a template. 40 The fact that the absorption spectrum of DTTC molecules presented a similar shift implies that the DTTC molecules form an array on the MWNTs resulting in MWNTs decorated with fluorophores. Strong noncovalent interactions between MWNTs and DTTC molecules were further evidenced by changes in the electronic environment of MWNTs with Raman spectroscopy. Raman shift of the tangential stretch G band of the MWNT alone at 1575 cm exhibits an upshift to 1586 cm −1 when DTTC molecules are bound to MWNTs (Figure 2b ). This shift indicates a change in the electronic structure of sidewalls of the MWNTs through strong π−π interactions when the MWNT/DTTC nanohybrid structure is formed. Similar shifts in the G band upon noncovalent binding of molecules to MWNTs were reported previously. 41 The effect of dye molecules on the absorption behavior of MWNTs was also investigated. Figure 2c demonstrates the absorption spectrum of the MWNT/ DTTC hybrids in the NIR region in comparison to MWNTs dispersed in a surfactant solution. The MWNT/DTTC hybrids demonstrate an additional absorption peak that is not present in the absorbance spectrum of MWNTs, indicating that the presence of DTTC molecules have enhanced the absorption capacity of MWNTs in the NIR region. As more of the NIR light can be absorbed by MWNT/DTTC hybrids, they can potentially convert more of the light energy to heat energy resulting in higher temperature elevations when irradiated with a NIR laser.
NIR fluorescence spectra of the prepared hybrids were also analyzed in order to investigate conversion of the absorbed light energy into different forms of energy. Fluorescence emission of DTTC molecules that centered around 800 nm was completely quenched when they form hybrids with MWNTs; hybrids did not emit fluorescence light ( Figure  2d ). This result indicates that all light energy absorbed by MWNT/DTTC hybrids was converted into heat energy, which makes them potential photothermal agents.
Photothermal properties of MWNT/DTTC hybrids were studied by measuring their NIR laser-activated temperature elevations as a result of heat generation. Aqueous dispersions of MWNTs and MWNT/DTTC hybrids were irradiated with 808 nm laser for 15 min while their temperatures were monitored. The dispersion of MWNTs reached only 69°C from room temperature after 15 min of irradiation, whereas MWNT/DTTC hybrids reached 92°C, demonstrating an additional 22°C temperature elevation (Figure 3a) . The array of DTTC molecules self-assembled on the surface of MWNTs enhanced the amount of NIR light absorbed and, thus, the amount of energy converted into heat, which caused significantly larger temperature elevations. Considering the fact that photothermal conversion efficiency is proportional to temperature rise at constant laser power, 42 it can be stated that MWNT/DTTC nanohybrids presented a 61% improvement in photothermal conversion efficiency relative to MWNTs alone. It is also important to note that the temperature of a solution of free DTTC molecules did not present a significant temperature elevation upon irradiation with NIR laser light under the same conditions, confirming that large temperature elevations demonstrated by MWNT/DTTC hybrids are actually caused by the photothermal effect of hybrids and not by direct heating by the laser or the NIR absorption by DTTC molecules alone.
The multiple uses of MWNT/DTTC hybrids as photothermal agents were also important to study. Figure 3b presents heating curves obtained when the MWNT/DTTC hybrids that were already irradiated for 15 min with laser light and cooled down to room temperature were irradiated again for the second and third times. At the end of the second cycle of irradiation, the MWNT/DTTC hybrids were able to reach the same temperature that they reached in the first cycle, clearly demonstrating that the MWNT/DTTC hybrids remained stable at high temperatures; the array of DTTC molecules on the MWNTs did not dissociate. When the same hybrids were irradiated with laser light for the third time, the monitored temperature was only 70°C, which is the same temperature monitored when MWNTs alone were irradiated for 15 min, indicating that DTTC molecules have started to dissociate from the MWNT template. Results obtained from this experiment show that MWNT/DTTC hybrids stay stable until they are exposed to laser light for a certain time; thus, they can be utilized in several rounds of shorter laser irradiation times to generate temperatures reaching above 90°C
. Once the MWNT/DTTC hybrids start to dissociate, they still cause temperature elevations but the generated heat is lower than the initial rounds.
The photothermal effect of MWNT/DTTC hybrids was demonstrated with their ability to kill bacteria. The laseractivated antimicrobial properties of MWNT/DTTC hybrids were tested on Pseudomonas aeruginosa, as a Gram-negative model microorganism. P. aeruginosa treated with MWNT and MWNT/DTTC dispersions of equal concentrations along with P. aeruginosa that are not treated were irradiated with NIR laser for 15 min. Viabilities of cells before and after laser irradiation were determined by LIVE/DEAD staining, where P. aeruginosa cell sample before laser treatment was designated as the reference for 100% viability (Figure 4) . The MWNTs presented antimicrobial activity on P. aeruginosa even before the laser treatment as can be seen by the lower viability value compared to cells that are not treated with the MWNTs. Such antimicrobial effect of MWNTs because of their noncovalent interactions with bacterial cell walls was reported earlier. 43 The MWNT/DTTC hybrids, on the other hand, did not present any antimicrobial activity on P. aeruginosa cells before the laser treatment. The array of DTTC molecules formed on the surface of MWNTs possibly prevents interactions of MWNTs with cells and shields the toxic effect. The viability of bacteria treated with MWNTs and MWNT/DTTC hybrids after NIR laser treatment demonstrated the photothermal effect of these nanostructures. In the absence of MWNTs or MWNT/DTTC hybrids, P. aeruginosa were not killed under the same conditions, confirming that the NIR laser irradiation itself does not present any toxic effect on bacteria. When MWNTs in the bacterial suspension were irradiated with NIR laser light for 15 min, 52% of P. aeruginosa cells were killed in the suspension because of their inherent photothermal effect. On the other hand, when P. aeruginosa treated with MWNT/ DTTC hybrids were irradiated with NIR laser light, the killing efficiency was 77%, indicating that the MWNTs decorated with DTTC molecules presented enhanced photothermal effect resulting in significantly stronger laser-activated antimicrobial activity than MWNTs only. The enhanced absorption capacity of the MWNT/DTTC hybrids enabled by the array of DTTC molecules formed on MWNTs resulted in larger laser lightactivated temperature elevations and higher antimicrobial activity.
Applied NIR laser light energy was absorbed and converted to heat by MWNTs and MWNT/DTTC nanohybrids, resulting in elevated local temperatures. Most of the bacterial cells that were in contact with MWNTs and MWNT/DTTC nanohybrids died through hyperthermia as their cell walls were physically damaged at increasing temperatures. A similar laseractivated antimicrobial activity was observed when the prepared nanohybrids were tested against Staphylococcus aureus, a Gram-positive species, demonstrating that both Gram negative and Gram-positive bacteria can be deactivated through the physical damage caused by these nanohybrids ( Figure S2 ). Killing efficiency of the nanohybrids was demonstrated to decrease when their concentration was lowered, proving that bacterial killing was indeed caused by the NIR laser-activated photothermal effect and not by the NIR laser itself, as shown in Figure S3 . The duration of NIR laser irradiation also affected the viability of nanohybrid- treated bacteria, where shorter laser irradiation times resulted in less killing efficiency ( Figure S4 ). We believe that the killing efficiency can be improved further by experimental conditions such as shaking or manipulation of the container volume to obtain a more homogeneous distribution of the laser light and better heat transfer.
The physical destruction of bacteria through the heat generated by the MWNT/DTTC hybrids after the laser treatment is also demonstrated by SEM. Figure 5 presents P.
aeruginosa cells alone and P. aeruginosa cells treated with MWNT/DTTC hybrids before and after the NIR laser treatment. The control sample including only cells did not exhibit any structural deformation after the laser treatment, confirming that the direct absorption of NIR laser light does not present any toxicity on cells. When the cells are treated with MWNT/DTTC hybrids followed by laser irradiation for 15 min, their structures were deformed, where outlines of cells mostly disappeared. Extensive temperature elevations caused by the MWNT/DTTC hybrids lead to lysis of cell walls potentially because of heat activated protein denaturation.
MWNT/DTTC hybrids exhibiting strong light-activated antimicrobial activity were incorporated into water-based polyurethane (PU) coating materials in order to evaluate their activity on surfaces as antimicrobial and antibiofilm coatings that can kill attached bacteria upon NIR laser irradiation ( Figure 6 ). As attractive environmentally friendly polymeric materials that can be designed to be biocompatible, waterborne PUs have been demonstrated to have excellent thermal and mechanical properties and are widely utilized as stable coatings for biomedical applications. 44 Nanocomposites of MWNT/DTTC hybrids and waterborne PU can potentially be applied as light-activated coatings for material surfaces that are prone to colonization by bacteria. Aqueous PU dispersions composed of polyester-based PU were blended with MWNTs and MWNT/DTTC nanohybrids resulting in nanocomposites containing 0.001 wt % MWNTs homogeneously distributed within the PU matrix. Photothermal activity of MWNT/ DTTC−PU nanocomposites were demonstrated on selfstanding cast films demonstrated in Figure 6 (inset).
The photothermal activity of MWNT−PU and MWNT/ DTTC−PU nanocomposite films were determined by measuring the temperature elevation upon NIR laser irradiation. Figure 7a demonstrates that the temperature of MWNT/DTTC−PU film quickly raised up to 120°C within 2 min of laser irradiation. On the other hand, the MWNT−PU film was also heated up within the same period of laser irradiation; however, it presented a 30°C lower temperature, indicating that the presence of DTTC dye array around the MWNTs significantly increases their photothermal effect even when embedded within a polymer matrix. The PU film without MWNTs did not present an increase in temperature, confirming that elevated temperatures were caused by the photothermal activity of MWNTs or MWNT/DTTC hybrids. MWNT/DTTC nanohybrids embedded within the PU matrix resulted in much higher temperature increase than the same amount of MWNT/DTTC nanohybrids in aqueous dispersion, potentially because of the lower heat conductivity of the polymeric material compared to the aqueous environment. The heat released from the MWNT/DTTC nanohybrids is trapped in the PU matrix resulting in higher measured temperatures. High temperatures generated by these coating materials make them excellent candidates for antimicrobial surfaces as these temperatures would present a toxic effect to most of bacterial species. The potential of MWNT/DTTC− PU nanocomposites as reusable surface coatings retaining photothermal activity upon multiple laser treatments was also investigated (Figure 7b ). When MWNT/DTTC−PU films that were already irradiated with laser for 5 min were irradiated again for the second and third time, they reached the same elevated temperature of 120°C as in the first cycle. MWNT/ DTTC nanohybrids that started dissociating after a certain duration of laser exposure in aqueous dispersions remained stable when embedded in the polymer matrix. These results indicate that these materials can be applied onto surfaces where bacterial attachment reoccur and bacterial inactivation is needed multiple times.
The ability of the laser-activated antimicrobial activity of MWNT/DTTC−PU coating materials to kill the surfaceattached bacteria upon NIR laser irradiation was also investigated. MWNT/DTTC−PU films were incubated with P. aeruginosa overnight in static growth conditions for 24 h to allow adhesion of bacteria onto film surfaces followed by staining with live/dead cell indicator dyes. The stained surfaces were imaged with laser scanning confocal microscopy before and after NIR laser irradiation for 15 min. Representative images are shown in Figure 8 . Although bacteria attached to the PU surface remained alive following the NIR laser irradiation for 15 min, all bacteria attached to the MWNT/ DTTC−PU surface were killed upon the laser treatment. The temperature increase on the MWNT/DTTC−PU surface during the laser irradiation physically damaged and killed the attached bacteria, demonstrating the potential of these surfaces as antibiofilm surfaces that can eradicate established biofilms.
■ CONCLUSIONS
We presented the decoration of MWNTs with NIR light absorbing fluorophores to enhance their light absorbing capacity with the aim of improving their photothermal properties. DTTC fluorophores formed strong noncovalent interactions with MWNTs and formed a self-assembled array, which acted as light-harvesting antennas increasing the amount of laser light absorbed by the resulting MWNT/DTTC nanohybrids. The enhanced light absorption by the MWNT/ DTTC nanohybrids was reflected as enhanced heat generation resulting in elevated temperatures that cannot be reached by MWNTs alone under the same laser irradiation conditions. The irradiation of P. aeruginosa suspensions in the presence of MWNT/DTTC nanohybrids resulted in 77% killing of bacteria through the hyperthermal physical damage as demonstrated by SEM. Nanocomposites of waterborne PU and MWNT/DTTC were shown as potential antimicrobial and antibiofilm coating materials, which can generate temperatures reaching 120°C and kill surface attached bacteria upon laser irradiation repeatedly. Photothermal agents based on fluorophore-enhanced carbon nanotubes and their surface coatings presented here have strong potential as antimicrobial and antibiofilm nanomaterials effective on antibiotic-resistant bacteria.
■ EXPERIMENTAL SECTION Materials. MWNTs with 13−18 nm outer diameter, 3−30 μm length, and 99 wt % purity were provided by Cheap Tubes Inc. (Cambridgeport, VT, USA). 3,3′-Diethylthiatricarbocyanine iodide (DTTC, 99%) was purchased from Sigma-Aldrich (Germany). Triton X-100 was purchased from Merck Millipore (Darmstadt, Germany). P. aeruginosa (ATTC 27853) and S. aureus (ATCC 29213) were purchased from Medimark (France). Nutrient broth (NB) was purchased from Biolife (Milano, Italia). The LIVE/DEAD BacLight bacterial viability kit (L7012) was purchased from Life Technologies (Carlsbad, CA, USA). Centrifugal filter devices (30 kDA cutoff, Microcon) were purchased from Millipore (MA, USA). Anionic, aqueous PU dispersion based on a polyester−polyol was kindly supplied by Punova R&D and Chemicals Inc. (Turkey) with a 35 wt % solid content.
Preparation of MWNT and MWNT/DTTC Nanohybrids. A dispersal solution (10 mL) containing 0.2 mg/mL MWNTs and 20 μM DTTC was sonicated in an ice-bath with a microprobe (QSonica, Q700) for 20 min with 4 s pulse on and 5 s pulse off time at a power of 4−5 W. For the preparation of MWNT sample, the same amount of MWNT was dispersed in water containing 5 wt % Triton X-100 under the same conditions. Aqueous dispersions were centrifuged at 5000 rpm for 5 min to remove MWNTs that were not dispersed. The black-colored supernatant was pipetted into a clean falcon tube. Removal of unbound dye molecules was performed using Microcon centrifugal filters according to manufacturer's instructions. Concentration of MWNT and MWNT/DTTC dispersions were determined by absorbance spectroscopy (Cary 5000 spectrophotometer) using the specific extinction coefficient for MWNTs at 500 nm (ε 500 = 46 mL·mg
).
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Characterization of MWNT/DTTC Nanohybrids. Absorbance spectroscopy was performed to confirm the increase in absorbance capacity after nanohybrid formation. Samples were scanned in a quartz cuvette in the wavelength range of 200−1000 nm.
For Raman spectroscopy, dispersion samples were air-dried on silicon wafers and measurements were made on a Renishaw inVia Reflex Raman spectrometer equipped with a 532 nm laser.
Fluorescence spectra of the nanohybrids were obtained with a Cary Eclipse fluorescence spectrophotometer. DTTC and MWNT/DTTC were scanned in a quartz cuvette at 720 nm excitation.
Thermal stability of the MWNT/DTTC nanohybrids was determined by an isochronal temperature assay, 34 where the MWNT/DTTC samples were incubated at varied temperatures and MWNT aggregation after a fixed length of time was determined. MWNT/DTTC dispersions were aliquoted in 40 μL volume in Eppendorf tubes and incubated for 10 min at designated temperatures (23−95°C) to remove MWNT bundles. Supernatants were carefully collected and absorption at 500 nm was determined. The fraction of MWNT/DTTC was calculated by dividing the absorbance of MWNT/DTTC nanohybrids that remained dispersed after centrifugation by that of the initial hybrid dispersion at 4°C.
Laser-Activated Heat Generation in MWNT/DTTC Nanohybrids. For an accurate comparison of laser-activated heat generation by MWNT versus MWNT/DTTC, corresponding dispersions with equal MWNT concentrations (0.01 mg/mL) were prepared. A DTTC solution (1.2 mL, 20 μM) only, MWNT dispersion only and MWNT/DTTC dispersion were exposed to continuous laser irradiation with a laser power of 1 W/cm 2 at 808 nm for 15 min (STEMINC, SMM22808E1200) (Doral, FL USA). Temperature was recorded every 3 min with a thermocouple (Hanna HI 935005 K-thermocouple thermometer). The thermocouple was immersed in the dispersion without blocking the path of the laser beam to avoid direct heating of the thermocouple by irradiation of the laser light.
Laser-Activated Antimicrobial Activity of MWNT/ DTTC Hybrids. Overnight cultures (3 mL) of P. aeruginosa were grown in NB medium at 37°C in a shaker incubator. The cells were washed twice by centrifugation at 5000 rpm for 5 min and resuspended in sterile phosphate-buffered saline (PBS). Bacterial suspensions (2 × 10 8 cfu/mL) were mixed with dispersions of MWNTs and MWNT/DTTC nanohybrids containing 0.01 mg/mL MWNTs immediately before laser irradiation. A control sample containing the same number of bacteria in 1.2 mL of water was also prepared and labeled as "cells only". Two sets of "cells only", "P. aeruginosa-MWNT", and "P. aeruginosa-MWNT/DTTC" mixtures were prepared to investigate the photothermal destruction of bacteria during laser treatment. While the first set was irradiated with 808 nm NIR laser light for 15 min, the second set was kept in ice. The viability of P. aeruginosa in prepared samples before and after laser irradiation was determined by using the LIVE/DEAD viability assay. Each sample (0.1 mL) was transferred into a 96-well plate and stained with LIVE/DEAD BacLight kit for 20 min in the dark at room temperature. The ratio of fluorescence intensity of live cells (SYTO 9, ex/em ≈ 480/500 nm) to the fluorescence intensity of dead cells (propidium iodide, ex/em ≈ 490/635 nm) was calculated for each sample. Fluorescence intensities at 538 and 612 nm were measured with a Fluoroskan Ascent FL microplate reader (Thermo Labsystems). Live/dead cell ratio of the "cells only" sample that was not irradiated with the laser was specified as 100% cell viability. The viability of each sample was determined in comparison to this reference sample. Experiments were conducted in triplicates. Postlaser viability was calculated as the ratio of viability after laser irradiation to viability before laser irradiation.
Scanning Electron Microscopy. MWNT/DTTC nanohybrids (20 μL, 0.01 mg/mL) were transferred onto an aluminum stub and air dried. Secondary electron images of gold−palladium-coated samples were obtained with a Zeiss Leo SUPRA 35 scanning electron microscope.
Following the viability assay, samples composed of P. aeruginosa and P. aeruginosa-MWNT/DTTC were centrifuged at 14 000 rpm for 5 min, and the supernatant was removed. The pellet containing the cells and MWNT/DTTC were fixed in 2.5% glutaraldehyde in sterile PBS for 2 h at room temperature. The cells were rinsed twice with sterile PBS followed by dehydration through a series of increasing ethanol concentrations. Pellets were transferred onto aluminum SEM stubs and air dried. Secondary electron images of samples were obtained with a Zeiss Leo SUPRA 35 scanning electron microscope.
Preparation of MWNT/DTTC−PU Coatings. MWNT/ DTTC−PU nanocomposite coatings were prepared to investigate the photothermal activity of nanohybrids in surface coatings. Aqueous PU dispersion (3 g) with a solid content of 35% was thoroughly mixed with 2 mL of MWNT and MWNT/DTTC dispersions containing 0.006 mg/mL MWNTs under overhead agitation and allowed to mix for 1 h, resulting in 0.001 wt % MWNTs in solid PU. MWNT−PU and MWNT/DTTC−PU dispersions were cast onto Petri dishes and dried overnight in an oven at 50°C to evaporate the water content and produce self-standing nanocomposite films. A PU film prepared by the same procedure without adding the MWNT dispersion was used as a control. Each film was cut into 1 × 1 cm pieces for further experiments.
Laser-Activated Heat Generation in MWNT/DTTC−PU Coatings. K type cable thermocouple was fixed in place between a Teflon plate and a piece of film (1 × 1 cm) for each sample. PU, MWNT−PU, and MWNT/DTTC−PU films were exposed to continuous laser irradiation with a laser power of 1 W/cm 2 at 808 nm for 3 min. The temperature was recorded every 30 s. During the laser irradiation, the thermocouple heated up due to direct absorption of laser light. To correct for this direct heating effect, the maximum temperature reached by the thermocouple itself in the exact same experimental setup was determined and subtracted from each data point when generating the time−temperature curves.
Laser-Activated Antibiofilm Properties of MWNT/ DTTC−PU Coatings. After wiping PU film surfaces with ethanol, they were incubated with 2 mL of P. aeruginosa suspension containing 2 × 10 8 cfu/mL in a 12-well plate overnight at 37°C without shaking. The culture medium with nonadherent bacteria was removed, and the films were gently washed twice with sterile PBS. The films were stained using LIVE/DEAD BacLight kit and incubated for 10 min in the dark at room temperature. The excess staining solution was rinsed with PBS. The films were mounted onto coverslips and examined with a Carl Zeiss LSM 710 laser scanning confocal microscope equipped with a Plan-Apochromat 63×/1.40 oil objective before and after exposure to NIR laser light for 15 min. 
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